as limiting during the biosynthesis of ethylene and represents an important point in the regulation of this hormone (Wang et al., 2002) .
Ethylene is perceived by a family of receptors localized in the plasmatic reticulum membrane (Grefen et al., 2008) . In Arabidopsis (Arabidopsis thaliana L. Heynh), in absence of ethylene, CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) interacts strongly with the receptors preventing the signal from being transferred to ETHYLENE INSENSITIVE2 (EIN2). Upon interaction between ethylene and the receptor EHYLENE RESISTANT1 (ETR1), CTR1 changes its conformation and the interaction between ETR1 and EIN2 is allowed. The signal then passes to the transcription factor EIN2 and successively to EIN3 and EIN3-like (EILs) to initiate the expression of ethylene response factors (ERFs), which in turn activates the transcription of multiple ethyleneregulated genes (Vandenbussche et al., 2012) .
Gibberellins (GAs) belong to a class of tetracyclic diterpenoid plant hormones that are associated with numerous physiological aspects of plant biology (Yamaguchi, 2008) . GAs stimulate seed germination, the transition from the embryonic to the vegetative stage, shoot and leaf elongation and fruit development (Hedden, 1999) . GA response depends on the derepression of a repressed state. In this context, the role of DELLA proteins as GA signal repressors is central (Ueguchi-Tanaka et al., 2007) . According to a model proposed for rice, under high GA concentration, GA binds the soluble receptor GID1 and a conformational change occurs, enabling the interaction between the GA-GID1 complex and the DELLA/TVHYNP domain of SLR1 (rice DELLA protein). As a consequence of this triple interaction, SLR1 becomes accessible for degradation through the SCF GID2 proteasome pathway releasing, in this way, the repressive state of GA responses (Ueguchi-Tanaka et al., 2005) .
While GAs are generally associated to cell expansion and organ development (Pimenta Lange & Lange, 2006) , ethylene shows a biphasic action since lower doses stimulate growth while higher ones have inhibitory effects (Pierik et al., 2006) . Both hormones are shown to interact with a rather complex cross-talk either synergistically or antagonistically depending on plant species, organs and environmental conditions (Dugardeyn et al., 2008) . In A. thaliana, ethylene shortens the receptivity of siliques to GAs possibly by interfering with some GA signal components (Carbonell-Bejerano et al., 2011) , while in tomato it suppresses GA metabolism during the early stages of berry development (Shinozaki et al., 2015) . Vegetative growth is also influenced by ethylene and GA interplay. Petiole elongation in flooded Rumex palustris L. is a consequence of ethylene-induced stimulation of GA biosynthesis and sensitivity (Rijnders et al., 1997) while in sunflower (Helianthus annuus L.) hypocotyl elongation is limited by the ethylene that causes a reduction of the biologically active GA 1 content (Pearce et al., 1991) . In fact, both hormones can have stimulatory effect on hypocotyl elongation in light-grown A. thaliana seedlings having several genes reciprocally regulated (De Grauwe et al., 2007) . Although ethylene-driven hypocotyl growth requires a basal level of GA signal, its action is not mediated by GAs; therefore, both hormones are necessary but act separately (Vandenbussche et al., 2007) .
The relatively recent publication of the tomato (Solanum lycopersicum L.) genome sequence (The Tomato Genome Consortium, 2012 ) provides a valuable help to understand the basic mechanisms of plant biology and contributes to make this plant a suitable model species (Carvalho et al., 2011) . In this paper we described the effect of ethylene on GA-induced hypocotyl elongation of tomato light-grown seedlings in order to extend the knowledge about the factors that influence early stages of plant development.
materIalS and methodS

Plant material
Seeds of the mutant epinastic (epi, accession n. LA2089), procera (pro, accession n. LA3283) and their corresponding wild type cultivars VFN-8 (accession n. LA1022) and Ailsa Craig (AC, accession n. LA2838A) were obtained from the Tomato Genetics Resource Center (TGRC, University of California, Davis).
Germination assay
Seeds were surface sterilized with a solution of 20% (v/v) of commercial bleach (5.8% of sodium hypochlorite) and 0.01% of Tween20 for 10 min. Seeds were then rinsed several times with sterile distilled water. Seeds were placed in sterile petri dishes with 0.7% agar supplemented with Murashige & Skoog (MS) medium and 5 µM gibberellic acid (GA 3 , Sigma-Aldrich) or an equivalent volume of ethanol for the control. Petri dishes were incubated in light in a climatically controlled room at 27 ± 2 °C. Germinating seeds (when radicle protruded at least 1 mm from the seed coat) were counted during the first 5 days after sowing and germination percentage was then calculated. Control and treatment consisted of 6 replicates with 10 seeds each. Analysis of variance (one-way ANOVA) was performed among days to germination within genotypes and treatment using Graphpad Prism 6.0 statistical software (www.graphpad.com).
Hypocotyl and root elongation assays
Seeds sterilized, as previously described, were placed on agar 0.7% up to germination (3 days). For GA dose-response assay, germinating seeds were transferred to agar MS medium supplemented with 0, 0.01, 0.1, 1, 10 and 100 µM GA 3 for 4 days, whereas for other assays, a concentration of 10 µM was used. Finally, hypocotyl and primary root length were photographed and then measured by the digital image processing software ImageJ (National Institutes of Health, http://rsb.info.nih.gov/ij).
For ethylene treatments, germinated seeds were placed in sealed jars containing MS medium and exposed to ethylene gas at a concentration of 1 or 10 µL L -1 for 4 days. At the end of the experiment, hypocotyls and root length were measured. Ethylene gas was produced from ethephon (2-chloroethylphosphonic acid, Ethtrel ® , Bayer) as described by Zhang and Wen (2010) . One mL of ethephon solution 3.3 M was added to 10 mL of a warm 0.5 M Na 2 HPO 4 solution (pH 9.3). Ethylene gas evolved from decomposition of ethephon in alkaline solution was collected. NBD (2,5-Norbornardiene, bicyclo[2.2.1]hepta-2,5-diene; Sigma-Aldrich) was applied as cooled liquid to the sealed jars (10 µL L -1 ). Since NBD is volatile at room temperature it readily evaporates in the container atmosphere.
reSultS
Effect of ethylene on hypocotyl elongation in presence of GA 3
Considering that early stages of growth are crucial for plant survival and that ethylene is involved in the triple response to protect the apical and root meristems (Achard et al., 2003) , we decided to investigate the effect of ethylene on GAinduced hypocotyl and root elongation in tomato seedlings. Hypocotyl length almost doubled, when compared with control seedlings, after 7 days from sawing and 4 days from the placement on a medium containing 10 µM GA 3 (Fig. 1A, C) . On the contrary, when seedlings were placed in an ethylene-enriched atmosphere, there was a reduction to half the length of control hypocotyls. Interestingly, the addition of GA 3 to ethylenetreated seedlings was not able to restore the length of hypocotyls which remained shorter than those from control seedlings. Regarding root length, a similar trend was observed except for the fact that the addition of GA 3 to the culture medium did not result in an increase in length (Fig. 1B, C) .
Effect of GA 3 on hypocotyl / root elongation and on germination of epi mutant seeds
In order to confirm the negative effect of ethylene on GA-induced elongation, we proceeded to treat the ethylene overproducer mutant epi (Fujino et al.,1988) with 10 µM GA 3 and compared hypocotyl and root elongation in epi with its wild type. Although GA 3 applied to the culture medium increased hypocotyl length in the wild type, it had no effect in the elongation of epi hypocotyls (Fig. 2  A, B) . Regarding root length, the addition of GA 3 to the medium resulted in shorter roots in both genotypes (Fig. 2 A, B) . Considering that GAs are known to promote germination, we carried out an experiment to study their action in the epi mutant. It was observed that the addition of GA 3 to the culture medium had a positive effect on seed germination of the wild type cultivar of tomato VFN-8 after 3 days from sowing (Fig. 2C) . However, in the epi mutant, the addition of GA 3 to the medium resulted in a reduction of germination after 2 days and it reached the same level as the control after 3 days from sowing. Nevertheless, it was never higher than the germination of seeds without GA 3 addition.
GA 3 dose-response in epi mutant
Based on the previous results, we studied the GA 3 response in epi and in its wild type. We observed that VFN-8 hypocotyls were significantly longer than controls at GA 3 concentrations 10 times lower (0.1 vs 1 µM) than those necessary to start a response in the epi mutant (Fig. 3) . Interestingly, Fig. 1 . Effect of GA 3 , ethylene and the combination of the two hormones on hypocotyl (A) and primary root (B) elongation in AC tomato seedlings. Different morphology (C) in control (Ctrl) seedlings and upon application of GA 3 (GA), ethylene (Et) and GA plus Et. Seedlings were grown on agar medium supplemented with 10 µM GA 3 , 10 µL L -1 ethylene or with the combination of both for four days. Data are means ± SE (n= 15). Different letters indicate significant differences among treatments by Tukey's test (P<0.05). although hypocotyl length doubled when seedlings grew on the highest GA 3 concentrations, epi only showed a mild increase in hypocotyl elongation under the same conditions (Fig. 3) .
Ethylene effect on a constitutive GA response mutant
Subsequently, we performed an experiment using the procera (pro) tomato mutant which is defective for DELLA proteins (Jasinki et al., 2008) in order to observe whether ethylene is able to hinder hypocotyl elongation in absence of the GA signal repressor. After 4 days of placement on an atmosphere enriched with 10 µL L -1 ethylene, it was found that both the pro mutant and its wild type presented a decrease in hypocotyl elongation (Fig.  4) and that, this effect was even more severe in the mutant with hypocotyl length reduced to 72.5% of control in AC vs 58.5% of control in pro.
Effect of an inhibitor of ethylene action on hypocotyl elongation
In order to determine whether the suppression of basal ethylene perception increases GA response, we measured hypocotyl elongation in presence of different GA 3 concentrations with and without the addition of NBD, a competitive inhibitor of ethylene perception (Bleeker et al., 1987) . We observed that there was an increase in hypocotyl length with 1 µM GA 3 or higher concentrations in control and NBDtreated seedlings. Even though the behavior was similar, the increase in hypocotyl length was smaller for NBD-treated seedlings (Fig. 5) .
dIScuSSIon
Reaching the soil surface with an intact meristem is one of the first steps that a germinating seedling has to accomplish. During this process, the ethylene that accumulates below the soil induces the formation of a hook structure that helps protect the meristematic tissues; however, high doses of ethylene are known to negatively influence plant growth (Vriezen et al., 2004) . Considering that high concentrations of ethylene and GAs have opposite effects on cell elongation and that to the best of our knowledge there are no previous reports on their interaction in tomato seedlings, we have studied the influence of supraoptimal ethylene concentrations on GA-induced elongation.
In our work, we have observed that in presence of basal ethylene concentrations, GAs are able to induce hypocotyl elongation (Fig. 1, 5) . Nevertheless, when exogenous ethylene is applied, the positive influence of GAs on cell elongation is suppressed (Fig. 1) . This is in agreement with the biphasic model Fig. 3 . Hypocotyl elongation in GA 3 dose-response assay. Germinated VFN-8 and epi mutant seeds were transferred to GA 3 supplemented media for four days and hypocotyl length was recorded. Data are means ± SE of 15 seedlings. Different letters indicate significant differences among GA 3 concentrations within each genotype by Tukey's test (P<0.05). Asterisks indicate significant differences between genotypes within each GA 3 concentration by Student's t test.
that explains ethylene effect on growth (Pierik et al., 2006) . According to this model, ethylene promotes or constrains growth depending on a combination of three factors that are the environment, hormonal signals and species-specific attributes.
In general, single-gene mutants represent useful tools for studying biological processes providing material for more detailed molecular analyses (Cowe, 1993) . Epi is an ethylene overproducer tomato mutant that displays leaf epinasty, stem thickening and constitutive triple response in dark-grown seedlings resembling an ethylenetreated wild type plant (Fujino et al., 1988) . In our experiments, the use of epi mutant confirmed that excess of endogenous ethylene hinders GA promotion of hypocotyl elongation (Fig. 2 A, B) and that epi required concentrations of GA 3 10 times higher than those that induce a response in the wild type (Fig. 3) . Interestingly, GA-treated epi seedlings never reached the wild type elongation rate.
GAs are known to promote germination by reducing the mechanical resistance offered by tissues outside the embryo and by stimulating embryo growth (Groot & Karssen, 1987; Debeaujon & Koornneef, 2000; Ogawa et al., 2003) . Similarly, at least in some species like A. thaliana, ethylene acts positively on seed germination (Ogawa et al., 2003) . Based on this knowledge, we carried out an experiment to see whether ethylene and GAs interact synergistically during germination. Contrary to our expectation, the addition of GA 3 to the culture medium was not effective to increase the germination rate of epi mutant seeds (Fig.  2C) , suggesting that an excess of ethylene would counteract the promoting effect of GAs.
In A. thaliana, ethylene stabilizes the DELLA proteins which are repressors of GA signaling, resulting in attenuated inhibition of root elongation in DELLA deficient mutants treated with the ethylene precursor (Achard et al., 2003) . Using the pro mutant, we assessed whether a similar interplay between ethylene and DELLA proteins takes place in tomato seedlings. Our results revealed that the pro mutant and its wild type exhibit a comparable behavior when treated with ethylene (Fig. 4) , indicating that ethylene inhibits hypocotyl growth independently of a DELLA-mediated GA signaling pathway.
So far, our experiments demonstrated that the excess of ethylene is detrimental for hypocotyl elongation in tomato seedlings. However, it remained to be studied if basal ethylene levels also act negatively against GA action. In this sense, we observed that hypocotyls from seedlings treated with an ethylene perception inhibitor had a similar GA-dose response as control seedlings but they were significantly shorter (Fig. 5) , probably because basal ethylene production enhances GA-induced elongation. Notably, in tomato seedlings the full elongation in response to GA 3 seems to require a basal level of ethylene whereas in A. thaliana seedlings, ethylene-induced elongation requires a basal level of GAs (Vandenbussche et al., 2007) .
concluSIon
Although there are a number of studies regarding the effect of ethylene and GAs acting separately on cell elongation, information is scarce regarding the interaction of both hormones in tomato. In this work, we gave the first steps to understand the effect of supraoptimal ethylene concentrations on GA-induced hypocotyl elongation in young tomato seedlings. Our work revealed that the excess of ethylene is detrimental for hypocotyl elongation probably by suppressing GA action, whereas a basal level of ethylene favors the response to exogenous GA application.
Further studies about ethylene and GAs reciprocal influence on the expression of cell division and expansion related genes would be of interest to extend the knowledge on this interaction during tomato hypocotyl elongation. 
